One-dimensional (1D) chains of nanoparticles hold great promise as nanoscale connectors in miniaturized electric and optical circuits, because collective electron oscillations along the nanoparticle chains facilitate the transduction of optical and electrical signals.^[@ref1]−[@ref4]^ A precise control of the nanoparticle assembly with defined interparticle distances is essential for tuning the chain properties and minimizing irregularities, such as chain branching or variations in the nanoparticle connection.^[@ref5]^ Nanoparticle chains have been synthesized from nanoparticles of different metals including gold,^[@ref6]^ silver,^[@ref7]^ and palladium,^[@ref8]^ as well as semiconducting quantum dots.^[@ref9]^ Addressing the general challenge to direct isotropic particles into anisotropic chain assemblies, particle alignment in electric or magnetic fields can be employed for the synthesis of chains of metallic nanoparticles.^[@ref1],[@ref10]^ Gold nanoparticle (AuNP) chains can be assembled by exploiting the effect of dielectrophoresis (DEP),^[@ref1],[@ref11]^ which usually leads to larger chain thicknesses, but can be optimized in order to obtain chains with a thickness of a single NP.^[@ref12]^ Magnetic cobalt nanoparticles (CoNP) have been assembled by applying an external magnetic field, which guided the assembly of CoNP 1D chains.^[@ref13]^ Self-assembly into nanoparticle chains can be furthermore facilitated by the premodification of nanoparticles.^[@ref14]−[@ref17]^ Kuzuya et al. self-assembled DNA-modified AuNPs into 1D chains, which were embedded within a DNA network.^[@ref18]^ The modification of AuNPs with an organic polymer facilitated the self-assembly of AuNPs into chains with precise control over the chain thickness.^[@ref5]^

The interparticle separation is a critical structural parameter of nanoparticle chains, as the optical coupling and energy loss during the propagation of electromagnetic waves along the chains directly depends on the width of the junctions between the nanoparticles.^[@ref19]^ Diminishing the interparticle distance increases the coupling efficiency, enhances the trapped optical field strengths and redshifts the resonance wavelength of the electron oscillations, while also prolonging the wave propagation and reducing the energy loss.^[@ref20],[@ref21]^ Cucurbit\[*n*\]urils (CB\[*n*\], known for *n* = 5, 6, 7, 8, 10) are macrocyclic molecules (Figure [1](#fig1){ref-type="fig"}A),^[@ref22]−[@ref24]^ which efficiently bind to AuNPs via their carbonyl portals.^[@ref25]−[@ref27]^ This dynamic nanojunction generates highly rigid and fixed interparticle separations with a constant value of 9.1 Å (Figure [1](#fig1){ref-type="fig"}B).^[@ref25]−[@ref27]^ Furthermore, CB\[*n*\]:NP nanojunctions can serve as SERS hotspots^[@ref28],[@ref29]^ with the CB\[*n*\] being able to incorporate different guests,^[@ref30],[@ref31]^ thus facilitating chemical or biosensing with CB\[*n*\]-bridged nanoparticles.^[@ref32]^ AuNPs undergo a specific binding interaction with CB\[*n*\], resulting in 3D networks of alternating AuNPs and CB\[*n*\], through the monolayer of CB\[*n*\], which forms a nanojunction between two nanoparticles. Here, we report a strategy for the assembly of one-dimensional AuNP chains with CB\[7\] nanojunctions based on the electrokinetic control of the AuNP/CB\[7\] interaction at the interface of a nanoporous membrane. The chain growth mechanism is studied based on extinction spectroscopy, which allows real-time analysis of the growth mechanism based on the chain plasmonics. A careful study of the impact of different parameters like voltage, AuNP/CB\[*n*\] ratio, time and temperature onto the formed chain structures based on transmission electron microscopy (TEM and cryo-TEM) furthermore confirmed the possibility of tuning the chain length and linearity.

Setup {#sec2}
=====

The normally quasi-fractal three-dimensional (3D) growth mechanism of AuNP/CB\[*n*\] networks^[@ref25],[@ref33]^ is redirected into a quasi one-dimensional growth of chains of alternating AuNP and CB\[*n*\] building blocks. This is achieved by the electrokinetic control of the AuNP/CB\[*n*\] interaction across a nanoporous polycarbonate (PC) membrane, separating two compartments containing the AuNP suspension (AuNP: diameter *d* = 16.5 nm) and the CB\[7\] solution, respectively, as shown in Figure [1](#fig1){ref-type="fig"}C.

![Formation of one-dimensional chains of AuNP and CB\[7\]. (A) Molecular Structure of cucurbit\[7\]uril. (B) Magnification of the CB\[7\]-controlled AuNP--AuNP nanojunction. (C) Electrophoresis cell, where a nanoporous PC membrane separates two compartments containing the AuNP (AuNP: *d* = 16.5 nm) and CB\[7\] building blocks, respectively.](nl-2013-03224q_0002){#fig1}

The application of a small potential difference between two feeder electrodes (*E* \< 2 V), with the negative pole in the AuNP chamber, triggers the formation of chain-type objects in the AuNP compartment, as demonstrated by TEM (see Figure [2](#fig2){ref-type="fig"}). Within the membrane, as well as in the CB\[7\] chamber, only very few individual AuNP or small AuNP aggregates (dimers/trimers) were observed by TEM. This indicates that only the CB\[7\] molecules are able to pass through the pores of the membrane, whereas the AuNPs remain in their compartment.

![TEM images of AuNP/CB\[7\] chains at different magnifications.](nl-2013-03224q_0003){#fig2}

After transfer of the objects to a TEM grid, the interparticle distances (*l*~gap~) were analyzed from TEM images. Figure [2](#fig2){ref-type="fig"} reveals that the chains exhibit a fixed interparticle distance, which was evaluated as being *l*~gap~ = 9.13 (±0.41) Å, resulting from an analysis of 100 interparticle distances. This value is in good agreement with the value of 9.1 Å (see Figure [1](#fig1){ref-type="fig"}B), which is theoretically expected for CB\[7\]-bridging and seen in previous optical experiments.^[@ref25]^ This strongly suggests, together with the SERS signal generated by the CBs present in the gap,^[@ref25]^ that the generated AuNP chains actually contain CB\[7\] nanojunctions and consist of alternating AuNP and CB\[7\] building blocks.

The chain formation is believed to occur at the membrane/solution interface in the AuNP compartment, according to the mechanism proposed in Figure [3](#fig3){ref-type="fig"}, where the movements of AuNP and CB\[*n*\] in opposite directions favor the interaction of these two chain building blocks. The application of an electric field induces an electroosmotic flow (EOF) of positive charge carriers present along the negatively charged surface of the nanopores^[@ref34]^ (membrane thickness/depth of nanopores = 6 μm) toward the negative electrode,^[@ref35],[@ref36]^ which transports the neutral CB\[7\] molecules along the flow direction through the membrane into the AuNP compartment. In contrast, an oppositely directed electrophoretic motion of AuNP, which are stabilized by a negatively charged citrate layer, is induced in direction of the positive electrode. This directs the AuNP toward the membrane, however the opposed electroosmotic flow does not allow AuNP transfer through the nanopores of the membrane. These two electrokinetic phenomena are proportional to the applied electric field and lead to an encounter of the two chain building blocks at the membrane interface in the AuNP compartment, resulting in the formation of anisotropic AuNP/CB chains. The electrophoresis of AuNP toward the membrane interface allows a continuous particle supply for chain prolongation.

![Schematic of one nanopore of the PC membrane to illustrate the synergy between electroosmotic and electrophoretic motion leading to chain formation (*v*~EM~, supply rate of the AuNPs by electromigration; *v*~EOF~, supply rate of CB\[7\] by electroosmotic flow; *v*~R~, reaction rate of the CB\[7\]/AuNP assembly; *v*~Diff~, evacuation rate of the formed chains).](nl-2013-03224q_0004){#fig3}

Tuning of the Chain Assembly {#sec3}
============================

The dependence of the AuNP/CB\[7\] chain assembly on the applied voltage, the reaction time *t*, the CB\[7\]/AuNP ratio (*R*), as well as the temperature is studied by TEM in order to investigate the possibility of tuning the chain geometry. Figure [4](#fig4){ref-type="fig"}A shows that an increase in the applied DC voltage (at constant *t* = 30 min, *R* = 4500:1, and *T* = 20 °C) first causes an increase in the chain length *l* with a maximum chain length (*l* ∼ 48 NP) around 1 V, followed by a significant decrease in chain length. Moreover, the increase in chain length is accompanied by a decrease in chain linearity, until the formation of complex 2D networks with interconnected AuNP chains, as shown in the TEM image in Figure [5](#fig5){ref-type="fig"}C and statistically analyzed in Figure S5 in the [Supporting Information](#notes-1){ref-type="notes"}. This continuous transition between ideal nonbranched AuNP chains, branched chains, and complex two-dimensional (2D) networks are categorized in Figure [5](#fig5){ref-type="fig"} into five structural regimes. Ideal nonbranched 1NP chains were observed at small (regime B, 0.5 V \< *E* \< 0.75 V) as well as higher voltages (regime D, 1.25 V \< *E* \< 2.0 V), whereas a voltage in an intermediate regime C (0.75 V \< *E* \< 1.25 V) favors branching with the extreme case of 2D networks of interconnected chains (Figure [5](#fig5){ref-type="fig"}, regime C).

![Statistical analysis of the length of AuNP/CB\[7\] aggregate chains (based on an analysis of three TEM grids for each set of parameters and two independent sets of experiments), prepared with the setup shown in Figure [1](#fig1){ref-type="fig"}C for (A) different applied DC potentials between 0.25 and 2 V at constant *t* = 30 min, *R* = 4500:1 and *T* = 20 °C; (B) different reaction times *t* \< 75 min at constant *E* = 0.85 V, *R* = 4500:1 and *T* = 20 °C.](nl-2013-03224q_0005){#fig4}

An increase in reaction time (at constant *E* = 0.85 V, *R* = 4500:1, *T* = 20 °C) in contrast provokes a clear increase in the chain length (Figure [4](#fig4){ref-type="fig"}B), whereas the chain linearity remains rather constant. An increase in temperature to ∼50 °C under conditions which lead to the branched networks of regime C of Figure [5](#fig5){ref-type="fig"} (*E* = 1 V, *R* = 4500, *t* = 30 min) increases the chain linearity, whereas a decrease to ∼4 °C increases aggregation. A decrease of *R* from 4500:1 to 1:1 under regime C conditions (at constant *E* = 1 V, *t* = 30 min, *T* = 20 °C) results in a suppression of the branching and the predominance of 1D chains, corresponding to a shift of the structure spectrum shown in Figure [5](#fig5){ref-type="fig"} toward the left. A further decrease of R to 0.1:1 leads to shorter chains resembling those of regime A.

![Aggregation regimes during chain formation. The growth regime can be controlled by both the applied voltage and the ratio *R* of CB/AuNP (TEM images: *t* = 30 min and *R* = 4500, varying voltages; the scale bar denotes 50 nm).](nl-2013-03224q_0006){#fig5}

The degree of branching of the formed structures between the regimes A--E shown in Figure [5](#fig5){ref-type="fig"} can be tuned by the applied DC potential, the CB\[7\]/AuNP ratio *R* as well as the temperature, whereas an increase in reaction time only provokes an increase in chain length.

The influence of the applied voltage or of *R* on the formation of the different structural regimes shown in Figure [5](#fig5){ref-type="fig"} can be explained based on the mechanism depicted in Figure [3](#fig3){ref-type="fig"}. AuNP and CB\[7\] building blocks reach the membrane interface in the AuNP compartment with an electrophoretic mobility *v*~EM~ for AuNPs and an electroosmotic flow rate *v*~EOF~ for CB\[7\]. The affinity of CBs for gold surfaces suggests that the reaction rate *v*~R~ should not be a determining kinetic step. However the evacuation rate of the formed chains *v*~Diff~, which is composed of an electrophoretic and a diffusional component, has to be considered. This diffusional rate will become smaller with growing chain length.

For successful chain formation in the ideal regime B of Figure [5](#fig5){ref-type="fig"}, the CB\[7\] supply rate at the nanopore needs to be faster than the rate of AuNP supply due to the need of several CB\[7\] molecules to be adsorbed for the formation of a successful junction between two gold particles. Furthermore, the supply of AuNPs toward the nanopore should be as fast as the movement of the formed chains away from the nanopore. An excess supply of CB\[7\] molecules leads on average to more than one junction per AuNP and thus to chain branching, as seen in regime C. A further increase of the local CB\[7\] concentration can lead to the saturation regimes D and E, where with an increasing CB\[7\] supply the branched structures of regime C are first cut into individual chains (regime D) in analogy to the dynamics known for 3D AuNP/CB\[5\] aggregation under an excess of CB\[5\],^[@ref26]^ which then decrease in length with increasing CB\[7\] concentration (regime E). A deficiency of CB\[7\] at the nanopore leads to chain termination and thus shortening of the chain lengths according to regime A.

These basic considerations can furthermore explain the impact of the duration of the experiment, as well as the applied temperature on chain formation. Since time does not influence the kinetics of chain assembly, an increase in chain length and no change in the aggregation state is observed when prolonging the experiment. The observed increase in chain linearity at elevated temperatures might be because under these conditions initial alignment errors can be corrected. Individual particles can overcome more easily the activation barrier for disconnection from the aggregate and can then easily rebind at a different position, still under the influence of the electric field. Furthermore the viscosity of the medium is decreasing, allowing faster diffusion and position correction.

Optics {#sec4}
======

Optical excitation of the chain plasmons facilitates an analysis of the chain structure via extinction spectroscopy. The evolution of a longitudinal surface plasmon resonance (LSPR) mode at longer wavelengths than the plasmon resonance of individual nanoparticles indicates the formation of nanoparticle chains, as it results from the excitation of electron oscillations parallel to the long axis of a nanoparticle chain. Thus, the chain growth can be observed in real time by extinction spectroscopy (λ = 400--800 nm) based on this chain plasmon mode. The extinction measurements were performed in a cell comparable to the one used for the synthesis of the chains for the TEM measurements but in addition a collimated light beam is focused close to the membrane in the AuNP-containing compartment. Figure [6](#fig6){ref-type="fig"} shows the extinction spectra detected over a time of 2 h when applying parameters optimized to yield regime B-type linear chains.

![Real-time extinction spectroscopy during the chain growth process (*R* = 1800, *E* = 1.5 V).](nl-2013-03224q_0007){#fig6}

Figure [6](#fig6){ref-type="fig"} reveals that over a reaction time of 2 h the LSPR mode grows significantly, as seen by the emergence of the mode at wavelengths λ \> 600 nm, next to the transverse surface plasmon resonance (TSPR) mode of the gold nanoparticles at λ = 530 nm. This correlates very well with the observation of an expanding front of gray/blue color in the red AuNP suspension at the membrane interface (see Figure [7](#fig7){ref-type="fig"}).

![Photo of the nanoparticle compartment at the membrane/solution interface, revealing the development of the AuNP/CB\[7\] chains as a growing blue front (*R* = 18720, *t* = 60 min, *E* = 1.5 V, *d* = 16.5 nm).](nl-2013-03224q_0008){#fig7}

Figure [8](#fig8){ref-type="fig"}A presents the corresponding analysis of the wavelength of the extinction maximum λ~agg~ of the LSPR mode and its peak intensity *A*^m^~agg~ after subtraction of the extinction spectrum of individual AuNPs. It shows that *A*^m^~agg~ increases over 2 h in a nucleation--growth process that follows a sigmoidal profile (sigmoidal fit: *R*^2^ = 0.9978) and λ~agg~ increases to values of up to 650 nm during the first 60 min. The increase in *A*^m^~agg~ relates to the chain formation, which occurs first with an increasing local chain concentration and stagnates at *t* \> 120 min, when the local chain concentration remains constant as soon as the formation of new chains and the chain transport along the capillary proceed with the same speed. The redshift of λ~agg~ can be related to the increase in chain length during the growth process.^[@ref35]^

Full electromagnetic simulations by Aizpurua et al. for linear chains of alternating AuNP and CB\[7\] building blocks facilitate the assignment to the extinction spectra of an effective chain length from the peak of the chain plasmon wavelength λ~agg~.^[@ref37]^ Thus, the spectra in Figure [6](#fig6){ref-type="fig"} can be assigned to a chain length *l* = 7 NPs at *t* = 15 min, which increases to a length of 16 NPs for *t* \> 60 min. The chain plasmon mode supports nanoparticle coupling over AuNP chain-lengths less than 16 NP, so that no further wavelength shifts are detected even though longer chains can form.^[@ref38],[@ref39]^ The small concentration of chains in the beginning of the chain growth (*t* \< 15 min) also shows that only chains shorter than 7 NPs are seen during the initial phase of chain growth.

The spatial distribution of the chain concentration profile in the AuNP chamber after 2 h of chain growth was analyzed by extinction spectroscopy in order to gain further insight into the chain growth mechanism and the subsequent chain diffusion. To accomplish this, the cell is scanned by changing the position of the light beam along the long axis of the cell by a distance *d*~m~ from the membrane. Figure [8](#fig8){ref-type="fig"}B shows the analysis of *A*^m^~agg~ and λ~agg~ of the chain mode recorded at increasing *d*~m~ at intervals of 0.5 mm. It reveals that both *A*^m^~agg~, as well as λ~agg~, decrease with increasing *d*~m~, indicating that with increasing distance from the membrane the chain concentration decreases and furthermore the predominating chain length gets smaller. According to the theoretical calculations, the longest chains with a length of ∼16 NPs can be found at the membrane interface, while shorter chains with a length of \<10 NPs are dominant when moving away from the membrane, on account of their faster diffusion. This profile underscores the proposed mechanism of chain formation at the membrane interface in the AuNP compartment and the subsequent diffusion of the formed chains into the bulk solution, as depicted in Figure [1](#fig1){ref-type="fig"}C and Figure [3](#fig3){ref-type="fig"}.

![Analysis of the extinction spectra showing peak intensity *A*^m^~agg~ and peak wavelength λ~agg~ of the LSPR mode in the extinction spectra. (A) Peak wavelength and amplitude recorded during chain growth over *t* = 2 h (regime B: *R* = 1800, *E* = 1.5 V, *d*(AuNP) = 16.5 nm). (B) Peak wavelength and amplitude recorded after *t* = 2 h at increasing distances *d*~m~ from the membrane with *d*~*m*~ = 0.3 mm being the beam position during the experiment in panel A. (C) Extinction difference spectra of regime B-type chains (black line; *R* = 1800, *t* = 30 min, *E* = 1.5 V, *d* = 16.5 nm) and regime D-type chains (red line; *R* = 18720, *t* = 30 min, *E* = 1.5 V, *d* = 16.5 nm). (D) Extinction difference spectra of 1D chains (red line) and 3D aggregates (black line; *d* = 19.5 nm).](nl-2013-03224q_0009){#fig8}

Extinction spectroscopy provides additional insight into differences in the formation of the two types of 1D chains in regimes B and D (Figure [8](#fig8){ref-type="fig"}C). The spectral analysis of the chain formation under conditions yielding linear chains in regime D (*E* = 1.5 V, AuNP/CB\[7\] = 18720) reveals that this process is significantly faster than the regime B-type chain growth, most likely due to the higher CB\[7\] concentration. At a fixed analysis time of *t* = 30 min (as in the TEM pictures shown in Figure [5](#fig5){ref-type="fig"}) the faster regime D-type chain growth already yields chains with the maximal detectable length of 16 NPs, whereas the regime B-type chains have only reached a length of ∼12 NPs, which explains the TEM detection of longer regime D-type chains. However, after a reaction time of 2 h, both processes yield LSPR modes related to the maximal detectable chain length of 16 NPs.

Extinction spectroscopy in solution is unable to distinguish 3D fractal aggregates from 1D near-linear chains, because the anisotropy in optical response is washed out by the rotational diffusion of the chains within the optical interrogation volume. However, after both 3D aggregates and 1D chains have been allowed to form over 18 h (by mixing the AuNP and CB in the bulk, or in the electrochemical cell), a different response is clearly observed (Figure [8](#fig8){ref-type="fig"}D). The shorter wavelength peak observed from the 3D aggregates is evidence for less linear, more branched and compact AuNP clusters.

Cryo-TEM {#sec5}
========

The spatial structure of the formed AuNP/CB\[7\] chains is studied and visualized by cryo-TEM. This excludes possible misinterpretations about the formed nanoparticle assemblies based on standard TEM measurements. Standard TEM requires the adsorption of the chain assemblies onto the membrane of the TEM grid, which forces the formed 3D structures into adsorbed 2D objects, potentially leading to distortion or destruction of the initially formed structures, as well as the condensation of several objects into new aggregates. Cryo-TEM measurements completely conserve the 3D conformations of the electrokinetically formed nanoparticle assemblies and prevent any interactions between nanoparticle assemblies and the support. The obtained cryo-TEM images reveal one-dimensional linear chains (regimes B and D) as well as branched structures (regime C) similar to what is observed in standard TEM (Figure [9](#fig9){ref-type="fig"}). This confirms the formation and existence of these assemblies in solution, and excludes their accidental formation upon adsorption onto the TEM grid. Furthermore, it can be concluded that the CB\[7\]-connected nanoparticle chains are sufficiently stable to allow a reliable analysis with standard TEM. However based on cryo-TEM, also full 3D images of the topology of the nanoparticle assemblies can be obtained, which allows further examination of the chain growth mechanism. These images reveal that the detected linear chains, as well as the branched structures, extend mostly in two dimensions and not in three, as would be expected for a random statistical assembly of isotropic particles in solution. This indicates that the chain growth occurs within a two-dimensional plane, which is in agreement with the chain growth mechanism depicted in Figure [3](#fig3){ref-type="fig"}. Although the cryo-TEM images reveal in principle the same structures as the ones observed in standard TEM, they occasionally exhibit AuNP--AuNP distances which are significantly larger than the expected *l*~gap~ = 9.1 Å of a CB\[*n*\]-nanojunction and which are never observed in standard TEM measurements. In addition there is also a constant systematic overestimation of the interparticle distances with respect to the 9.1 Å obtained by normal TEM. Both observations can be explained by the fact that cryo-TEM images are obtained and analyzed by an automatic measurement procedure based on noise-reduced and thresholded images (see [Supporting Information](#notes-1){ref-type="notes"}), whereas normal TEM images are analyzed manually.

![The 3D-images of AuNP/CB\[7\] chains (orange spheres) of a near-ideal 1D chain (A) and a branched structure (B) calculated from cryo-TEM images, which were recorded at three different tilt angles α = −15°, 0°, and +15° and are shown in the background (method described in the [Supporting Information](#notes-1){ref-type="notes"}).](nl-2013-03224q_0010){#fig9}

The strategy presented in this work allows the synthesis of gold nanoparticle chains with fixed sub-nm gap molecular junctions. The normal spontaneous 3D aggregation of AuNP and CB\[7\] is redirected into one-dimensional chain growth by the electrokinetic control of the interactions between the AuNP and CB\[7\] building blocks at the interface of a nanoporous membrane, separating AuNP and CB\[7\] containing compartments. The nanoparticle assembly can be tuned to yield structures ranging from ideal 1D chains to near-2D networks of interconnected linear chains by adjusting the rate with which the CB\[7\] molecules enter the AuNP compartment. TEM, cryo-TEM, and spectroscopic analysis of the impact of different experimental parameters on the final aggregate structure allow studying the chain formation mechanism. This synthesis strategy holds promising potential for the controlled assembly of chains of electrostatically interacting building blocks, under the influence of moderate electric fields. No restrictions to conductive, magnetic, or prefunctionalized particles are inherent, which makes this method in principle attractive for generating a large variety of nanoparticle chain systems.

Description of experimental details. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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